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I I”I!ROINCTION 
Space e l e c t r i c  power systems depend upon the use of  refYactory 
m e t a l s  i n  a var ie ty  of component areas. 
meter i n  the design of these systems i s  the long-time creep strength at 
very low pressures. 
alloys can occur d e r  conditions of 1 x 10-6 Torr, vacuums be t t e r  than 
1 x 10-8 Torr must be used to obtain creep measurements which are employed 
i n  the design of space components. 
generate long-time creep da ta  on selected refractory alloys uhich have 
potent ia l  use i n  advanced power s y s t e m s .  
t es t ing  sheet alloys which can be employed fo r  cladding or tubing appli- 
cations and on forgeable, high-strength turbine alloys, 
A c r i t i c a l  property para- 
Since oxygen contamination of refractory =tal 
The purpose of t h i s  program is t o  
Emphasis has been placed on 
This report  presents the creep data obtained during the eleventh 
quaster on arc-cast and vapor-deposited tungsten, the molybdenum base 
al loys TZC, TZM, and columbium modified TZM, and the tantalum base alloys 
T - l l 1  and T-222. 
II MAWIAIS AND PROCEDURE 
A summary of the composition, heat treatments, and current tests 
of the alloys discussed i n  t h i s  report  is presented i n  Tables 1, 2, and 3. 
A detailed review of the processing history and microstructure has been 
previously presented i n  the Ninth Quarterly Progress Report, NASA CR-54773. 
Tungsten w a s  evaluated both as 0.0301t sheet and as vapor-deposited material. 
Two heats of TM and TZC material were tested. The TZH uas obtained from 
two di f fe ren t  vendors while the TZC came from the same vendor but had s ignif-  
i can t ly  d i f fe ren t  processing histories. In  th TZC Heat H-91 material, three 
d i f fe ren t  heat  treatments were evaluated a t  similar test coxiitions to provide 
an indication of possible effects produced by structural vmiations.  
tantalum base alloys T-111 and T-222, were both evaluated a s  sheet material 
after selected recrystal l izat ion treatments. 
The test procedure involved obtaining a vacuum of 5 x 10-l’ Torr 
The 
o r  be t t e r  at  room temperature, then h a- the spechen  a t  a rate so that 
the pressure never uent above 1 x lo2 Torr. Heat treatment was performed 
on the materials i n  s i t u ,  prior to load application. After heat treatment 
the specimens were cooled to room temperature and then reheated t o  the test 
temperature which w a s  maintained for  two hours to insure equilibrium, 
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Specimen extension was  measured over a two-inch gauge length w i t h  
an op t ica l  extensometer that  determined the distance between two reference 
marks to an accuracy of 550 CC -inches. 
the p la te  o r  forged alloys a t  temperatures between 16uO and 2250°F (871 
and 1235'C) u n t i l  a 1% total elongation is obtained. 
are being tes ted a t  2800 and 3200°F (1566 and 1760OC) for  total extensions 
between 3 and 5% while the tantalum-base materials are being evaluated i n  the 
1800 t o  2200°F (982 t o  120b°C) range t o  an elongation of approximately 2 t o  5%. 
The applied stress levels have been selected with the g o a l  of obtaining creep 
data over t o t a l  t e s t  times between 1000 and 10,OOO hours. 
The program plan involves t e s t ing  
The tungsten m t e r i a l s  
III RESULTS AND ISISCUSSION 
I n  t h i s  section, creep data generated during the  eleventh quarter 
are graphically presented as percent t o t a l  elongation i n  the two-inch 
gauge sect ion as a function of time a t  the applied stress. 
are placed on the curves to  indicate the chamber pressure during the test 
period. 
during t h i s  quarter are given i n  de t a i l  i n  Appendix I. 
Reference marks 
The specif ic  data  far each t e s t  which w a s  i n  progress or completed 
Molybdenum Base AUoys 
The three classes  of molybdenum-base alloys being examined are TZC, 
TZM, and columbium-modified TZM. 
A summary of the treatments which have been included i n  the evaluation 
during t h i s  quarter i s  presented below. 
TZC (Heat M-80) 
Annealed 3092'F (1700°C), 1 hour 
TZC (Heat M-91) 
Stress  re l ieved 23C0°F (12ULoC), 1 hour 
Annealed 3092OF (170O0C), 1 hour 
Annealed 3092OF (17OO0C), 1 hour; Age 24OOOF (1316Oc), 5 hours 
TZM (Heat 7502) 
S t r e s s  relieved 22009 (12Ob0C), 1 hour 
Annealed 285OoF (1566OC), 1 hour 
TRW E Q U I ~ ~ E N T  LABORATORIES * . 
4 b  
TZM (Heat 1175) 
Stress relieved 23U0°F (126ooc), 1 hour 
Columbium Modified TZM (Heat 43US-4) 
Stress relieved 25U0°F (137loC), 1 hour 
TZC (Heat M-80) i s  currently being t e s t ed  a t  three different  temper- 
atures and stresses (see Table 3) .  
creep does not occur i n  a uniform manner, but exhibits periods of rap id  
extension followed by an absence of creep o r  even contraction of the specimen. 
The discontinuities i n  the creep curve which occur over several  thougand 
t e s t  hours are believed to  be a r e a l  material effect  s ince they  are signif-  
icant ly  greater than differences tha t  can be at t r ibuted to variations i n  e i ther  
temperature or extension measurements. The occurrence of the specimen contrac- 
tion, coupled w i t h  the  limited post-test examination indicate  tha t  s t r a in -  
induced precipitation is  producing the very low average creep r a t e  i n  the  TZC 
materi a1 . 
The data  given i n  Figure 1 show tha t  
TZC Heat M-91 i s  distinguished from Heat M-80 by the  greater percent 
reduction per pass during the ro l l ing  operation. 
resulted i n  greater room temperature duc t i l i t y  than obtained i n  the Heat M-80. 
To determine the effect  of heat treatment on the creep properties of TZC, 
specimens from Heat M-91 are  being tes ted  a t  the conditions shown i n  Figure 2. 
T h i s  processing treatment 
A comparison between the data obtained on the annealed and aged material  
w i t h  the material i n  the waged condition indicates  t ha t  a s ignif icant  increase 
i n  creep r a t e  occurred as a resul t  of aging fiLve hours a t  24OOOF (1360°C). 
Post t e s t  examination of the specimen heat t rea ted  by annealing a t  
3092°F (17UOoC) and aging f ive  hours a t  2b00"F (1360 "C) indicated tha t  
a longitudinal crack existed i n  the gauge section (see Figure 3 ) .  
v i s u a l  examination showed t h a t  i n  some areas a high degree of local ized 
d is tor t ion  had occurred which can be seen i n  figure 3 located approximately 
1-1/2 inches from the l e f t  s ide  of the bottom photograph. 
shown a t  SOOX i n  Figure b, consists of grains exhibit ing pronounced s l ip .  
A review of the creep curve, Figure 2, gives no indication tha t  cracking 
occurred during t e s t .  On the basis  of t h i s  examination, plus the f a c t  
that  cracking during annealing has been reported on material from t h i s  same 
heat*. t h e  conclusion was reached tha t  t he  creep specimen cracked during 
the heat treatment performed i n  s i t u  pr ior  t o  testing. Since the long- 
i tud ina l  crack d id  not reduce the cross-sectional area of the specimen, t h e  
poss ib i l i ty  ex is t s  that  the aging treatment was tb  major factor  i n  t h e  
increased creep rate. I f  strain-induced precipi ta t ion during t h e  t e s t  i s  a 
s ignif icant  factor i n  reducing creep then t h i s  would indicate  that  a 
s t r a i n  induced precipitate is more effective than the prec ip i ta te  formed by t h e  
Further 
This surface area, 
4 
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Close-Up of Longitudinal Crack 3x  
Figure 3. TZC Specimen 8-22, Heat M-91, Cracked During Creep Testing. 
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~ 
TRW EQUIPMENT LABORATORIES 
Figure 4. Specimen B-22, Heat M-91, Micrograph Shows Local Area of Slip 
as Seen on Surface of Specimen After Testing, Polarized Light. 
10 
4 
aging heat treatment. 
a higher apparent creep ra te .  
On t h i s  basis the aged material also would exhibit 
Microstructural examination was made i n  an e f fo r t  t o  ident i fy  the  
mode of cracking. Figure 5 ,  which shows the defect at 100 and SOOX, indicates 
that  the crack is preferent ia l ly  located i n  the grain boundary, 
s t ructure  a t  ~UUOX, shown i n  Fi,bue 6, does not reveal any apparent micro- 
s t ruc tura l  characterist ics which would account for  the defect. Since the 
chemistry of Heat M-91 did not exhibit arry abnormalities and since cracks 
of a s i m i l a r  type have not been observed i n  Heat M-80, it appears t ha t  the  
higher degree of warm working applied to Heat M-91 renders the al loy sus- 
ceptible to cracking during the recrystal l izat ion operation. 
The micro- 
During t h i s  report period two lU,UUU hour t e s t s  of for ed TZM (Heat 
7502) were completed a t  2000°F (1093°C) and 10 K s i  (6.90 x 10 Q N/m2). In 
one case the specimen was s t r e s s  relieved a t  2200OF (120b0C) for one hour 
p r io r  to t e s t ing  while  i n  the other t e s t  the specimen was recrys ta l l ized  
for one hour a t  28509 (1566OC). The data, shown i n  Figure 7A, and sum- 
marized i n  Table 4 indicate tha t  a f t e r  a rapid extension of almost 0.3% 
during the first 500 hours, the recrystall ized material  exhibited a r el- 
at ively l o w  creep r a t e  and after 10,000 hours the t o t a l  creep for each 
condition was comparable 
TABLE .!L 
Summary of Creep Data, TZM, Heat 75'02 
Test Temperature 2000°F (1093OC), Stress  10 K s i  (6.90 x 107 N/m2) 
Stress  Relieved 
22UO"F (120b°C) 1 Hour 
Non-linear Creep 0.16% - 1650 
Steady Sta te  Creep Rate 2.6 x 10'7in/in=hr. 
T o t a l  Creep - 10,ooO Hrs. 38% 
Annealed 
2850OF (1566°C) 1 Hour 
0.32% - 2750 HOWS 
8 x 10-8 in/in-hr. 
Following the lU,UOO hour t e s t s  a t  2000'F (1093°C) the  s t r e s s  relieved 
specimen of TZH (Heat 7502) was subjected to both chemical and metallurgical 
examination. A comparison of the  material  composition before and a f t e r  tes t ,  
presented i n  Table 5, indicates that the  only ctifferences were a0 increase i n  
t h e  mtrogen and a decrease i n  the zirconium content. 
11 
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1 oox 
soox 
Figure 5. Photomicrographs of Crack in TZC (M-91) Specimen B-22, 
Etchant: 15% HF, 15% H2SO4, 8% "03, 62% H 2 0  
12 
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. 
mox 
Figure 6. Microstructure of TZC (M-91) Annealed at 170OOC (3092OF), 
1 Hour and Aged 1316OC (240OOF), 5 Hours. 
Etchant: 15% HF, 15% H2S04, 8% "03, 62% H 2 0  
. 
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TABLE 5 
CHEMICAL ANALYSIS TZM FORGED DISC (HEAT 7502) 
(Weight Percent) 
Analysis After 
TAP - INS* Vendor m 10,Ol$3 hrs. a t  2 0 ° F  
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TRW Material Laboratory Specification 
, 
Bound robin chemical analyses conducted by the Materials Advisory 
Board* have indicated that with Tw the following ra r ia t ions  in compos- 
i t i o n  can be expected from sca t te r  of all combined data from cooperating 
laboratories . 
Coefficient of 









On the  b a s h  of these statistiad data the  differences i n  cwbon analyses 
would not be significant w h i l e  the changes i n  both the nitrogen and zirconium 
content shown in Table 5 a r e  real effecte.  
A second l o t  of TW, designated as Heat 1175, w a s  received from NASA 
i n  the form of a forged disc. Creep t e s t s  were conducted on t h i s  mat rial 
i n  the stress relieved condition at 1600OF ( 71°C). 65 hi (4.48 x 10 8 N / d )  
and at 1800OF (982OC), 44 Ksi (3.03 x 1081p/m 4 1. lPhe re su l t s  shown in Figure 7B 
indicate  that at both conditions exceptionally low creep rates were obtained. 
I n  fact at 1800OF ( 9 8 2 0 ~ )  the applied stress on the  'pw i n  the stress relieved 
condition is a c t u a l u  greater than the tensile strength of the recrystal l ized 
TZC (Heat H-91) at  that temperature. 
Columbium modified Tw vas procured from C l i m a x  Holybdenum Company to  
compare its creep properties t o  those of conventional 'fw. 
were not available,  the material w a ~  obtained i n  the from of 5/8-inch diameter 
wrought bar. 
comparable t o  the TW shown i n  Table 1 with the exception that l$ columbium 
w a s  added. elieved alloy w a s  carried out at 
0.032% creep occurred and the t e s t  was terminated. Because of the limited 
amount of material, t h i s  specimen w a s  re tes ted at various temperatures and 
s t r e s ses  and the creep data were extrapolated to  196 t o  es tabl ish a t en ta t ive  
Larson-Miller curve which could be used t o  se lec t  future test conditions. 
Based upon these r e s u l t s  a t e s t  was i n i t  a t e  
of O e 1 6 S  bas been obtained. 
Since disc forgings 
Chemical analyses indicated that the material had a composition 
The fir& t e s t  of the stress 
2 W ° F  (l093*C) and 20 K s i  (1.38 x 108N/m 5 1. After 686 hours of testing only 
at 2000OF (1093°C) and 41 K s i  (2,82 x 10 S P  N/m 1. After 
on the  stress relieved material 
hours a t o t a l  creep 
The currently available creep data on the molybdenum base a l loys  is 
swnmarized i n  FLgure 8 using the Larson-Miller parameter. Although some of 
the data involve extrapolations t o  0.5% creep, several  trends a re  apparent. 
* De Lo Chase, "Comparison of Chemical Analyses of Refractory Alloys1', 
(MAB Survey), DHIC 220, (September 10, 1965). 
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FIGURE 8 LARSON-MILLER PLOT OF DATA FOR 0.5% CREEP 
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A t  the low values of the  parameter the  stress-relieved "234 material with 
i t s  relat ively high tensile strength exhibits the greatest  creep resistance. 
A t  higher temperatures the recrystall ized TZC appears t o  have the greatest  
creep resistance. Although the Cb-modified TW appears t o  ha9e good pro- 
per t ies  a t  higher temperature the data  have been obtained from re la t ive ly  
long extrapolations and must be considered tentative. 
Tantalum-Base Alloys 
The influence of annealing temperature on the creep properties of 
T-111 and T-222 a re  evaluated i n  an e f fo r t  t o  se lec t  the optimum heat 
treatment. 
(1538°C) and 3000°F (1649°C) are shown i n  Figure 9 while the creep data 
for  T-111 a f t e r  2600°F (1427OC) and 3000°F (1649°C) anneals are given i n  
figure 10. 
a s t ructure  with the greatest  resistance t o  creep extension. 
A comparison of the creep properties of T-222 annealed a t  2800°F 
In each case, the 3000OF (1649°C) annealing treatment produced 
Creep data for  T-111 annealed at 3000°F (1649%) and tes ted at a 
A di rec t  comparison of the creep 
variety of conditions a re  summarized i n  Figure 11. 
creep r a t e  with increasing t e s t  t i m e .  
behavior of T-111 and T-222, both annealed at  3000°F (1649°C) is presented 
i n  Figures 12 and 13. 
temperature, low s t r e s s )  the T-111 a l loy had greater creep resistance. The 
data  a r e  not suf f ic ien t  t o  determine whether the differences a r e  due t o  
compositional e f fec ts  or are the  r e su l t  of normal heat-to-heat variations. 
The data show an increasing 
Although under specif ic  t e s t  conditions (high 
A comparison of the grain s i ze  variations produced by selected 
annealing treatments performed on the T-111 and T-222 alloys is given in 
Table 6. 
3000°F (1649°C) anneal a r e  shown i n  Figure 14. 
by f ine  grains at the surface and the  appearance of darker etching s t r i a t i o n s  
p a r a l l e l  t o  the ro l l ing  direction. 
Figure 15, the s t r i a t ions  a re  not typical  s t r ingers  since no def in i te  inter-  
face ex is t s  with the matrix,. 
with a preferent ia l  etching o f  the microstructure. The preferent ia l  etching 
ef fec t ,  although minimized, is not completely eliminated hv recrystal l izat ion 
at 3000°F (1649OC). 
Typical microstructures for  the T-111 and T-222 al loys a f t e r  the 
The T-111 w a s  characterized 
A s  shown by the electron micrograph i n  
On this basis they are believed t o  be associated 
Tungsten 
The f i n a l  test on2the arc-melted tungsten sheet at 280O0F (1538"~) 
The r e su l t s  are i n  agreement with the predictions obtained 
and 3 k s i  (2.07 x lO7N/m ) has been completed and the creep curve is shown 
i n  Figure 16. 
from the Larson-Miller plot  given i n  the Tenth Quarterly Report. 
18 
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FIGURE 9 .  CREEP TEST DATA FOR T-222 ALLOY, TESTED AT 2000OF (1204OC) 
12 KSI (8.26 107 ~ / ~ 2 )  IN VACUUM ENVIRONMENT <I x 10-4 TORR 
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FIGURE 12. CREEP TEST DATA FOR T-222 AND T-111, ANNEALED 300O0F, (164PC), 
1 HR, TESTED AT 22000F (1204OC), 12 ksi (8.26 x Id N/rn2) IN VACUUM 
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FIGURE 13 LARSON MILLER PLOT, 1% CREEP FOR T-1 1 1 AND T 
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,222 ALLOYS ANNEALED 1 HOUR 
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FIGURE 14. Cross-Sections of Tantalum Base Alloys Taken Parallel to Rolling 
Direction, Material Annealed at 300OOF (1649'%) for One Hour, 
Etchant: 15% HF, 15% H2SO4, 8% "03, 62% H 2 0  
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TABLE 6 
Comparison of cain Size for T - l l l  and T=222 
Annealed a t  various Temperatures 
Treatment 
2400OF - 1 honr 
2600oF - 1 hour 
2800OF - 1 horn 
3 0 0 0 9  - 1 hotlr 
30009  - 16 horns 
35009 - 1 hour 
T - l l l  
PSm 
Grain Size  
8 
7 - 8  
5 - 6  
5 
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6000X 
Figure 15. T-1 1 1, Annealed at 260OoF (142pC) for One Hour, 
Cross Section Showing Details of Striations. 
Etchant: 15% HF, 15% H2SO4, 8% "03, 62% H 2 0  
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Figure 16. CREEP DATA FOR ARC-MELTED TUNGSTEN, TESTED AT 
2 8 W F  (1538OC) I N  VACUUM ENVIRONMENT 1 X 10-8 TORR 
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Vapor deposited tungsten is currently 3eing evaluated at 28000~ 
(1.5380~) and a stress of 2 k s i  (1.38 x 107N/m >. 
indicate the trend of slightly decreasing creep rate with increasing test 
time which has been characteristic of all the test conditions for the tungsten 
materials. A photomicrograph of the specimen of vapor deposited tungsten 
removed from test after 2883 hours at 32OOOF (17600C) and lo00 psi (6.89 x 
106N/m2) is presented in Figure 18. 
one surface which is presumably the interface between the mandrel and deposited 
tungsten. 
appears preferentially located at the fine grain-coarse grain interface. In 
addition, the microstructure after test has lost the characteristic columnar 
structure which is usually associated with vapor deposited materials. 
The data shown in Figure 17 
The microstructure is fine grained along 
The microstructure after test contains some apparent porosity which 
IV FUTURE WORK 
Tests will be continued on the molybdenum base al loys.  Additional 
tests will be initiated on the T-111 material to allow the determination of 
Manson-Haferd constants. 
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2 0  








FIGURE 18. Vapor Deposited Tungsten, Creep Tested 2863 Hours 
at 32000F (176PC) and 1000 psi (6.89 x 106 N/rn2), Unetched 
30 
- .  
I 
APPEXDIX I 
CRW TEST DATA 
IRW EQUIPMENT LABORATORIES .- 
TABLE I 
cREE;p TEST DATA, TZC PLATE, HEAT M-80, RECRYSTALLIZED AT 3092'F (l70O0C) FOR 1 HOUB, 




(2" G. L.) 
. 00000 -. 00020 
- e  00040 -. 00030 
-0 00030 -. 00005 . oocQ5 
.oooo5 . 00010 




aooO8O . 00115 . 00110 







00170 . 00165 
00170 
00170 






(%I ( T o r r  ) -
. 000 1.2 10-9 
0. 010 
-a a0 
-a  015 
-0 015 -. 002 
.002 















085 . 082 . 085 
085 . 082 
a 080 . 085 
088 
. 088 092 
2.6 x lo4 
2.2 x 104 
2.2 x 104 
2.0 10-9 
1.3 x 10-9 
1.7 x 1018 
2.0 x 104 
3.4 x 10-9 
1.5 x 104 
1.7 x lo4 
1.4 x 10 
1.3 x 104 
3.2 x lo4 
2.4 x l o4  
1.9 x lo4 
3.1 x lo4 
4.8 x 109 
4.6 x 10' 
4.6 x 104 
6.1 x 10-9 
5.8 x 10-9 
4.5 x 10-9, 
1.5 x loo8 

























































O w J . 5  















13s . 132 
.us . 138 
.w 
0152 
0 155 .m 
155 . 162 






0200 . 200 . 200 . 202 . 208 
,210 








7.5 x 10-9 
6.4 x 10-9 
4.2 x 109 
7.0 x 104 
-0 
7.2 x 10-9 
1.2 x 10-8 
2.6 10-9 
5.5 x 10-9 
4.4 x 10-9 
4.4 x 10-9 
3.8 x 10-9 
1.3 x 
3.8 x 10-9 
4.6 x 104 
3.8 x 10.9 
4.0 x 1 0 4  
4.0 x 1 0 4  
3.8 x 10-9 
4.2 x 109 
2.4 x 103 
2.7 x 10; 
2.9 x 10 
3.8 x I O 4  
6.2 x 1 0 4  
3.8 x lo* 
4.2 x 10-9 
305 X lo4 
7.5 x 10-9 
4.4 x 10-9 
7.b x 10-9 
5.4 x 10-9 
4.6 x 10 
2.6 x 10-9 
4.4 x 104 
TRW EQUIPMENT LABORATORIES -
TABU I (Continued) 
Creep 
% - 


























Test in progress 
Specimen B-9 









7.0 x 10-9 
TR W EQUIPMENT LABORATORIES 
TABLE I1 
CREEP TEST DATA, TZC PLATE, RECRYSTALLIZED AT 3092'F (17OO0C), FOR 1 HOUR, 
TESTED AT 1856OF (1013OC). 25,000 psi (1 .72 x lo8 N / d )  
HEAT K-80 
Length Change 
AL ( inch)  Creep 

























































.ooooo . ooooo 
.00080 























































1.3 x lom8 
5.8 x 10-9 
6.6 x 10-9 
6.8 x 10-9 
5.8 x 10-9 
1.1 x 10-8 
5.2 10-9 
4.4 x 10-9 
3.4 10-9 
3.6 10-9 






2.0 x 10-9 
2.8 10-9 
-- 
3.8 x 10-9 
-- 
2.2 x 10-9 
1.6 x 10-9 
Y O P A  
TRW EQUIP~~ENT LABoRAmR#ES 























































6 2 6  e 7  
6345 e 0  
6417e7 
6509 e4 





7014 e 1  















8357 e 5  
8429 e5 
TBBLE I1 (Continue4 
Length Change 
L (inch) 
































e00355 . 00345 
e 00345 
e00345 






























































l e 4  x loo9 
1.7 x 10-9 
1.4 10-9 
1.6 x 10-9 
1.2 x 10-9 
1.1 10-9 
1.6 10-9 
2e4 x 10” 
1.1 x 
l e4  x 10-9 
l e 8  x 10” 
le6 x lod9 
1.6 10-9 
l e 5  x 10-9 
l e5  x 10” 
le6  x l(r9 
1.6 x 10.; 
le6 x 10’- 
l e0  x looy 
l e 5  x 10-9 
l e 3  x loo9 
1 e O  x IO-’ 
le6 x 
le5 x 10’’ 
1.6 
2-2 x 10-9 
1.4 x 10.’ 
2.1 x 10-9 
2.3 x 10’’ 
3 e O  x loo9 




le6 x 10.9 
2.2 x 10’; 
l e8  x 1019 
le6  x 10 
l e 3  x 10’’ 
l e7  x 10’’ 
1.9 x 
1.1 x  IO-^ 
1.6 
1.6 
lmu Test in progress 
Specimen B-11 
I 
I TABLE III: 
CREE' TEST WA, TZC P M E ,  HEAT H-80, REXBYSTALLIZED AT 3092%' (170O0C), 1 HOUR, 
I 









(2" G e L m )  
-8 0 0 4  7eo x 10 . 010 
6.9 x lo4 
4.2 x 104 
3.8 x lo4 
5.1 x 1.04 
4.5 x 10-9 
3.2 x 1 0 4  
3.5 x 10-9 
2.2 10-9 
1.2 x 10-9 
-- 
I uiw* 
TRW EQUIPMENT LABORATORIE~ 
Time -







































TABLE III (Continued) 
Length Change 
AL (inch) 
(2" G. L. ) 
001 75 . 00180 
6 00185 
600190 . 00185 








,00235 . 00225 
.00245 . 002 45 
.00240 
0 00235 
00235 . 00240 
.00250 . 00260 . 00265 . 00265 
000280 
003% 
00310 . 00325 . 00345 
00355 
00355 
00355 . 00365 




0092 . 098 . 102 . 105 
.io8 
6 110 . 110 . 110 . 108 . 112 . 118 . 118 . 118 
090 
. 112 . 122 . 122 . 120 . 118 . 118 
0120 . 125 
130 . 132 
132 





. 178 . 178 . 182 







3.8 x I O 4  
2.8 x 104 
1.8 x 10-9 
2.6 x 10-9 
2.6 x 104 
2.9 x lo4 
1.7 x lo9 -9 1.0 x 
4.2 x 10 
2.1 x 104 
2.1 x 10-10 
1.4 x lo4 
2.0 x 10- 
7.5 x 1o-I0 
1.2 x 104 
1.3 x 109 
7.0 x 
8.4 x 
7.4 x 10-1O 
1.6 x 10; 
l o &  x 10 
7.2 x low1' 
2.0 x 10-9 
1.4 10-9 
1.2 x 104 
2.4 x 10-9 
2.5 x 107 
8.0 x 1Oolo 
2.6 x 10-9 
1.5 x 10-y 
1.5 10-9 




TABLi3 111 (Continued) 
Length Change 
A L (inch) Creep - s (2” G* Lo) 
000300 0150 
TRW EQUIWENT LABORATORIES . 
TABLE I11 (Continued) 
T i m e  


























. 0040s . 00410 . 00415 










UO43O . 00440 




. ~ 0 4 4 0  . 00450 
Creep - ($1 
. 202 . 2 s  . 208 . 205 . 205 . 210 
0210 . 208 . 210 
218 . 215 
0 215 . 215 
. 215 0 212 
0220 . 220 
0220 . 220 
0222 . 220 
0225 
.228 













1.6 x 10-9 
1.7 10-9 
1.7 x 10-9 
2.5 x 10-9 
2.4 x 10-9 
2.2 x 10-9 
7.2 x 
1.5 x 10-9 
Test i n  progress 
Specimen B-12 
T A B U  IV 
CREEP TEST DATA, TZC PVTE, HEAT l4-91, ANNIULl%D 2300OF (1260%) 1 HOUR, 
















































-.008 -. 008 -. 010 -. 008 
0. 0% 
-0 005 
135 . 152 
192 


















o b 4 5  . 440, 
Pressure 
3.2 x lo4 
3.2 x I O 4  
3.2 x lo4 
3.2 x 10:
3.2 x lo4 
3.2 x lo4 
3.2 x 10:
3.2 x 10 
3.2 x lo4 
3.2 x 10; 
3.2 x 10 
3.2 x 103 
1.1 x 10 
0 0 4  
3.2 x 10 
1.0 x 1 0 4  
1.1 x 103 
1.0 x 10 
9.6 x 10-9 
9.0 x 1 0 4  
3.6 x lo* 
3.2 x 104 
3.1 x 10-9 
3.7 x 10-9 
3.4 x 104 
2.6 x 10-9 
2,4 x 109 
3.4 x 10-9 
3.0 x lo4 
2.8 x 10-9 
2.8 x 10; 
2.8 x 10 
2.8 x I O 4  
3.0 x lo4 
2.4 x 109 
'2.3 x lo* 
8.2 x lo+ 
2.5 I: 104 
2.2 x 10-9 
TRW EQUIPMENT LABORATORIE~ 
TABLE I V  (Continued) 
Length Change 
L (inch) 










1748 a 1 
1819 07 
1916 3 









2756 a 5  




























































































a 8 4 5  
0852 







































2.2 x lo-; 
4a8 x 10' 
4a4 x 10-9 
2a7 x lW9 
3a2 x loo9 
2a3 x 10-9 
1.9 x 10-9 
2.6 x l(r: 
l a 9  x 10' 
3a4 x 10-9 
5a4 x 10-9 
1.9 x 10-9 
4.8 x lom9 
2a6 x loo9 
l a 8  x loo9 
3a4 x 10-9 
3.4 x 10-9 
3 a 3  x 10-9 
3a2 x loo9 
3.3 x 10-9 
Test Terminated - I$ Creep 
Specimen B-19 
W A  
TABLE V 
C W  TEST DATA, TZC PLATE, HEAT M-91, BNNEaLED AT 3092'F (17SO'C) FOR 1 HOUR, 










































o w  . 00010 . o0010 . 00015 
.Ooo20 
.00020 




.-5 . 00025 
e ~ 0  
0 3 0  . 00075 . w o o  . 00155 . 00185 
.00210 
00220 . 00240 . 00270 . 00290 








. 000 8.2 x 1 0 4  
e 002 8.2 x lo4 
e o 0 5  8.2 x 104 
.os 8.2 x 10-9 
,008 8.2 10-9 . 010 8.2 x lo* 
8.2 x l d  
-9 
. old . 010 852 x lo9 . 008 8.2 x 10 
m o l 0  8.2 x lo* 
m o l 2  8.2 x 103 . 010 8.2 x 10 . 012' 8.2 x 103 . 012 8.2 x 10 . 010 8.2 x lo* . 015 8.2 x lo4 . 038 8.4 x 1 0 4  
.bso 7.2 x 104 . 078 4.0 x 10-9 . 092 3.2 x 102 
1 6  2.6 x 10 . 110 2.4 x lo* 
us 1.4 x 104 0120 2.1 x 10-9 . l4s 1.2 x 10-9 . 150 
. a 8  
. 155 
e 17s 
178 . 180 . 182 . 182 . 182 . 188 
1.1 x 10-9 
9.7 x 10-10 
9.6 x 
7.9 x 10-l0 
6.7 x 10-10 
6.1 x 
9.2 x 
6.3 x 1O'l0 
8.1 x 
8.2 x 1W10 
7.8 x 
TRW EQUIPMENT LABORATORIES. 
























































































0232 6.2 x 10"" 
a242 6.0 x 
a258 6.0 x 
.262 5.8 x 10-1O 
a280 5.6 x 
a245 5.7 x 10-10 
a292 504 X iooio 
a300 504 X 1Oo1O 
0320 504 X 1Oo1O 
310 5 a4 x 10-10 
0328 S a 1  x 
a332 5.1 x loo1' 
e348 407 X 
a370 4.9 X 1Oo1O 
a 372 409 X lo-;! 















TRW EQUIPMENT UuIORAmmEs 
TEST DATA, TZC PLATE, HEAT M-91, BNNEALEJI AT 3092- (170O0C) FOB 1 HOUR 
AGED AT 24009 (1316OC) KIR 5 HOURS 









































.o0000 . o m  
-0 OOOCS 
,00000 
.ooMo . 00040 
. m o  . 00085 
,00120 . 00295 
. w o  
00715 
.mho 
.00840 . 00855 . 01020 
.01050 . 01070 . o m 0  . O l a 5  
OU4S . 01/65 
Pres sure 
(Torr) 
6.0 x I O 4  
6.0 x 10-9 
6.0 x 10-9 
6.0 x lo+ 
6.0 x 104  
6.0 x lo+ 
6.0 x 103 
-9 6.0 x 10 6.0 x 
6.0 x 10 
6.0 x 109 
6.0 x 10-9 
6.0 x lo* 
6.0 x 104 
6.0 x lo* 
6.0 x 109 
2.6 x 104 
2.4 x 104 
1.9 x lo4 
1.7 x 104 
1.8 x lo4 
1.8 x lo4 
1.8 x 104 
1.7 x 10-9 
1.4 x 104 
6.0 10-9 
3.4 x 10-9 
2.5 x 10-9 
2.4 X lo+ 
TRW EQUIPMENT LABORATORIES ' . 
. -  
TABLE V I  (Continued) 
Length Change 
AL (inch) Creep 
Time (2" G.L.) - (%I 
Test Terminated - 1% Creep 
SDecimen €3-22 
01490 . 01520 
. 01570 
.01680 
01735 . 01760 . 01815 






















CREE2 TEST DATA,STRESS-REIXEVED TZM FORWD IESC, CUMAX €EAT NO. 7502 




































( T o r r )  
1.6 10-7 
6.7 x 103 
1.0 x 10 
1.4 x I O 4  
1.0 x 104 
5.7 x 10-9 
4.4 x 10-9 
4.0 10-9 
3.4 x 10-9 
2.2 x 10-9 
2*0 x 10-9 
1.9 x 104 -Y 
1.3 x 10 
2.1 x 104 
1.2 x 10-9 
1.2 10-9 
1.3 x lo* 
1372; 
TRW EQUIPMENT LABORATORIES 
Time -
















1048 . 3 






















Table VI1 (Lontlnued) 
Length Change 
A L (inch) 
(2" 0. L. 1 
00145 
00145 . 00150 . o(w5 
00170 
00175 
00175 . 00170 . 00175 . 00185 . GO180 . 00200 . 00205 . 00210 . 00210 . 00210 
.00220 . 00220 
00230 
00235 
. 00250 . 00250 . 00250 
00250 . 00250 . 00250 . 00260 
002 70 . 00320 
. 00240 
. 00320 . 00320 . 00320 
0315 
* 003% 
e00330 . 00335 
00340 
00340 
Creep - (%I 
072 . 072 
075 . 078 . 085 . 088 . OS8 . 085 . 088 . 092 
090 . io0 . 102 
1.105 . 105 
b 105 . 110 . 110 . 115 . 118 . 120 . 125 
e 125 . 125 . 125 
0125 . 125 
130 
135 . 160 . 160 
160 . 160 
.is8 




1.2 x 10-9 
1.2 x lo+ 
1.5 x 10-9 
7.4 x 10-10 
9.2 x 
6.0 x 
7.6 x 10-lo 
1.3 x 10-9 
9.0 x 10-lo 
9.2 x 10-l-O 
7.7 x 
8.1 x 10-1~ 
7.6 x 10-10 
8.2 x 
8.0 x 
7.5 x 10-'10 
1.3 10-9 
6.9 x 




5.8 x 10~'~ 
4.6 x 10-10 
4.6 x 10-10 
4.0 x 
3.8 x 1O-lo 
5.9 x 10-9 
5.2 x 10-10 
4.4 x 10-10 
b.4 x 10-10 












































Table VI1 (continued) 
Length change 
AL (inch) 
(2" G. Lo) 
. 00335 




172 . 178 . 172 
1 5  . 172 . 178 




192 . 198 . 200 
200 
205 
205 . 208 . 210 






2.3 x 10-1O 
1.6 x 10-1O 
2.7 x 
4.0 x 10-10 
2.6 x 1Oolo  
2.6 x 10-lo 
2.0 x 10-10 
1.7 x 10-10 
9.2 X 
2.5 x 10-10 
1.1 x 10-n 
1.7 x 10-10 
7.2 x logn 
1.8 x 10-u 
1.6 x 10-n 
1-.4 x 10-10 
1.2 x 10-10 
2.0 x 10-n 
9.5 x 10-= 
3.4 x 10-n 
1.0 x 10-11 
1.2 x 10-11 
2.1 x 10-11 
1.0 x 10-= 
2.1 x 10-u 
1.0 x 10- 








TR W EQUIPMENT LABORATORIE~ 
- 
TABLE V I 1  (Continued) 
Preasure 
(Tmd 
7.5 x lor= 
1.0 x 1 r z z  
1.8 x u 1.0 x 
80s x 10- . 
1.8-x l C I O  
4.2 x 10'O 
4.2 x 
3.4 x 1+* 
9.3 x lo+ 
1.1 1 0 ~ 9  
1.3 i 0 ~ 9  
1.7 1 0 ~ 9  
1.7 1079 
4.4 1 ~ 9  
2.0 10-9 








3.0 l d  
3.7 10-9 
2.5 x l r10  
4.5 x loo1* 
9.4 % 10-10 
9.3 x 10-10 
9.7 x 10-10 
1.0 1 r 9  
5.0 x 10-10 
1.2 10-9 
4.2 x i d o  
3.8 x 
4.1 x 
3.0 x $0.:; 
5.2 x lo- 
808 x 10-10 
9.0 x 
8.6 x lWIO 
. TRW EQUIWENT LABORATORIES 
. *  
TABU V I I I  
CREEP TEST DATA, TZM FORGED DISC, C m  NO. 7502, AN'NJ3ALED AT 2850OF (1566OC) 














. O l 2  
.008 
.008 































3.1 x 10-9 
5.1 x 10-9 
3.0 10-9 
3.4 10-9 
2.4 x 10-9 
2.2 x 10-9 
1.8 x 10-9 
1.6 10-9 
2.3 x 10-9 
1.6 x 10-9 
2.2 x 10-9 
-- 
1.4 x 10-9 
1.0 x 10-9 
1.0 10-9 
13791 
TRW EQUIPMENT LABORATORIES 
TABLE VI1 (Continued) 
Length Change 
L (Inch) 5" Time (2" Ga L.) -










































































TRW EQUIHENT LABORATORIES 







































1722 * 7 
Length Change 
AI, ( inch)  Creep 
(2" G.L.) - (% 
.268 






































1.6 x 1~-9 
1.2 x 10-9 
6.2 x 10-10 
7.2 x 10-10 
7.2 x 
1.3 x 10-9 
5.6 x 10-10 
5.8 x 10-10 
5.8 x 10-10 
6.6 x 10-10 
4.3 x 10-10 
1.4 10-9 
7.3 x 10-10 
5.5 x 10-10 
4.2 x 10-10 
7.2 x 10-20 
4.6 x 10-10 
3.2 x 10-10 
4.3 x 10-10 
5.0 x L0-10 
8.0 x 10-10 
3.0 x 10-10 
2.1 x 10-10 
4.4 x 10-10 
9-7 x 10-11 
1.3 10-9 
1.3 10-9 
9 . 3  x 10-10 
1.6 x 10-9 
-- 
3.2 x 
8.8 x 10-'-l 
1.2 10-9 
TR W EQUIPMENT LABORATORIES* 
* .  

















































































9.6 x 10-10 





2.5 x 10-10 
2.2 x 10-10 
1.2 x 10-10 
-- 
3.2 x 
8.0 x 10-10 
-- 
1.4 x 10-11 
1.4 x 10-11 
8.6 x 10-10 
8.8 x 10-11 
1.4 x 10-10 
-- 
2.6 x 




4.2 x loeio 
5.6 x 
6.6 x 
8.4 x 10-10 
3.5 x 10-JJ- 
1.2 10-9 
4.3 x 10-11 
1.0 x 10-1l 
1.9 x 10'" 
3.0 x 
1.7 x 10-l' 
2 .o x 10-10 
2.3 IF 10-9 
2.4 10-9 
2.6 10-9 
' -  
TABLE VI11 (Contirmed) 
TRW EQUIFWENT UBORATORIEZI , 
.. 




(2If G.L. 1 
























Creep - (% 1 
365 
.360 . 360 
0355 . 362 
365 . 360 . 368 . 360 
358 . 360 
358 
365 . 362 
365 . 368 . 368 . 360 
365 















1.1 x 10-9 
1.3 10-9 








3.9 x 10-9 
~ - -: TABLE IX 










































AI, (inch) Creep 
(2" G . L )  - (% 1 Pressure (Torr )  
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 1 0 4  
5.3 x 10-8 
5.3 x 10-8 
5.3 x10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 104 
5.3 x 102 
5.3 x lo4 
1.0 x 10 
5.5 x 10-9 
6.5 x 10-9 
ti.3 x lo+ 
li.4 x 10-9 
4.7 x 10-9 
4.6 x 109 
4.5 x 104 
4.4 x 104 
4.6 x 10-9 
4.1 x 10-9 
4.0 x 10-9 
4.1 x 109  
4.0 x 10-9 
4.0 x 10-9 
3.9 x 10-9 
4.5 x 10-9 
4.3 x 10-9 
4.3 x 10-9 
4.4 x 10-9 
3.9 x 104  
4.0 x IO* 
3.8 x 1 0 4  
TRW EQUIPMENT LABORATORIES ~ 
TABLE I X  (Continued) 
Length Change 
AL (inch) Creep 
Time (2” G,L,) - (%I  
0 00120 
0 00120 
~ 1 3 5  
. 00125 
. ~ 0 1 6 5  
00155 









.O82 . 078 
. 082 
085 





CREEP TEST DATA, TZM M3RGED DISC, HEAT NO. 1175, TESTED AT 1600°F (982OC) 




































AL (inch) Creep 
(2" G. L.) - (%I 
. Ouuoo . OUOl0 . 00020 
.00025 . 00015 
.OOOl5 . Ooo10 
0 m 1 5  . 00020 
.O0020 
.O0020 . 00025 . 00025 . 00030 
ooo55 
ooO70 
~ 0 9 5  . 00100 . 00100 . 00100 . (30105 . 00105 
. o O l l O  
. o O l l O  . 00115 





.mu5 . OOLLO . 00150 
.m 
0005 
0010 . 012 . 008 
o u O 8  
.m5 . 008 
0 010 




050 . 050 . 052 . 052 
0055 
0055 
058 . 058 
0060 
.M5 







( T o r r  1 






4.8 x 10-7 
4.8 x 10-7 
4.8 x 10-7 
4.8 x 10-7 
4.8 x 10-7 
4.8 10-7 
4.8 10-7 
4.8 x 10-7 
3.0 x 10-7 
2.8 x 10-7 
1.1 x 10-8 
2.1 x 10-8 
1.0 10-9 
1.4 10-9 
1.7 x 10-9 
8.4 x 
1.3 x 10-9 
1.6 x 10-9 
1.4 x 10-9 
4.0 x 10-10 
5.8 x 10-10 
7.6 x 10-10 
3.8 x 10-10 
3.9 x 10-10 
5.5 x 10-10 
8.4 x 10-10 
7.8 x 10-10 
5.0 x 10-10 
' .  
TABLE X (Continued) 
Length Change 
L\L (inch) Creep 
(2" G. Lo) - (%I 
. 00150 . 00150 
0 00150 
0 00155 . 00155 
. 00160 . 00160 . 00160 . 00165 
e 00180 
00180 
U O l 7 5  
e 075 
075 . 075 . 078 
0078 
080 . 080 . 080 
082 
090 . 090 
.088 
Pressure 
8.8 x 10-10 
8.6 x 10-10 




6.0 x 10-lo 
9.2 x 10-10 
9.1 x 10-10 
8.2 x 10-10 
5.0 x 10-10 
5.0 x 10-10 
TABLE XI 
CREdP TEST DATA, (Jb MODIFIED TZM WROUGHT BAR, HEAT NO. 4305-4, TBTED AT 




















182 . 5 



































0 O O O u  
0 (JO(X5 
O O a O  
OOOhO 






0 c=55 . m 5 0  
000060 . m 5 0  
0 m 5 0  
0 ow3 
.00065 
Creep - (%I 




0 008 . 010 . 010 
0012 
,008 . 012 . 010 
0 012 . 010 
.018 
032 
O M 0  
0022 
0022 


















1.8 x 10-7 
1.8 x 10-7 
1.8 x 10-7 
1.8 x 10-7 
1.8 x 10-7 
1.8 10-7 
1.8 x 10-7 
1.8 10-7 
1.8 x 10-7 
1.8 x 10-7 
1.8 x 10-7 
6.2 x 10-9 
1.8 x 10-7 
1.8 x 10-7 
1.8 x 10-7 
2.6 x 1 d  
7.2 x 10-9 
Test Terminated 
Specimen B - 2 3 ~  
TRW EQUIPMENT LABORATORIES . . 
TABLE XII 
CREEP TEST DATA, Cb MODIFIED TZM WROUGKf BAR, HEAT NO. 4305-4, TIETED AT 
2000'F (1093OC), 28,000 PSI (1.93 x 108N/m2) 
Length Change 
AL (inch) Creep 
Time (2" G. Le) J.a 
Test Temin at ed 
S p e c b n  B-23B 
. 00010 . 00010 . 00000 
. o m  
0 00000 







0 00010 . 00010 
0 00015 












0 000 . 000 
0 002 
e o 0 0  
0 002 




0 015 . 018 . 022 




1.3 x 10-9 
1.3 10-9 
TABLE XI11 











































T e s t  Terminated 
TABLE XIV 
TRW EQUIPMENT LABORATORIES . 
CREEP TEST DATA, Cb MOIXFIED TZM WROUGHT BAR, I-EAT M d o  4305-4, TESTED AT 






























(2" Go Le) 
e 00005 . 00010 
00005 
0 00000 . 00005 




e 00005 . 00000 
* 00000 
.OOOOO . 00010 . 00025 . 00050 
e 00080 . 00110 
e 00125 
o 00135 . OOlJ40 . ool.40 . O O l L 5  
0 00155 
Creep - (k) 
. 002 .a . 002 
0 000 . 002 . 000 =. 002 
.COO . 000 
6 002 . 002 
0 000 
0000 
.ooo . 005 . 012 
e 025 
040 





1.1 x 10-9 
1.1 10-9 
1.1 10-9 
1.1 x lo-? 
. .  
TABLE XV 
CREEP TEST DA!CA, Cb MODIITED TZM WROUGHT BAR, HEAT NO. 4305-4, TESTED AT 
2100OF ( l l b9°C)  34,000 PSI (2.41 x 108"/1$) 
Length Change 
AL (inch) Creep Pressure 
Time (2" G. L.) - ( 8 )  (Tam) 









































. o0010 . ooooo 
. m 1 0  
000010 
. .  
TABLE XVI 
CREEP TEST DATA, Cb MODIFTED TZM WROUGKT BAR, HEAT NO. 4305-4, TESTED AT 
2000'F (1093'C), 41,000 PSI (2.82 x 108N/m2) 
Length Change 
AL (inch) Creep Pressure 





T e s t  i n  progress 
Snecimen B-27 
0 ooool; . 00005 










00070 . 00110 
0 00155 
00195 . 00250 
0 00255 
.00265 
002 75 . 00285 


















0078 . 098 
,125 
.128 . 132 
.138 
0 152 
155 . 158 
0162 
. 142 
2.5 x 10-7 
2.5 x 10-7 
2.5 x 10-7 
2.5 x 10-7 








2.5 x 10-7 












2.5 x 10-7 
2.0 x 10-9 
C R E S  TEST DATA, T - l l l  SHEET, HEX NO. 70616, AIWEXLED 30W°F (1649OC) MIR 1 HOUR 
























































.068 . 078 . 088 
0 095 
.io8 








.282 . 312 . 320 




TRw EQUIHENT LABORATORIES . 
TABLA XVII (Continued) 
Time 
Test i n  Progress 
k n g t h  Change 
BL (inch) 











418 . 488 
525 
562 
0 575 . 688 . 705 













1.3 x io-? 





7.4 x 10-10 
7.9 x 10-10 
7.5 x 10-10 




8.3 x 10-10 
7.0 x loolo 
6.9 x 10-l' 
Specimen S-19 
I TABLE XPIII 
WZP TEST DATA, T-111 SIGEI!, HEAT NO, 70616, ANNEAIXD 3000OF (1649OC) FOR 1 w)UF$ 

























. O o o o o  
0 o0005 . U 0 0 l O  . 00010 . m10 . oool5 
.O0020 
.00015 
.O0020 . o m 0  
0 m 1 5  . 00020 
.OOol5 . OOol5 * a s  





00435 . 00480 . 00510 
0 00625 . 00660 





001040 . 01080 
012 70 






























0350 . 368 
:E! . 480 
0520 
*540 . 562 
635 . 650 . 670 
710 
TABLE XVIII (Continued) 
Length Change 
AL (inch) Creep 
Time (2” G. L. ) - (%I 
OIL3 5 . 01615 . 01680 
01740 





































1.8 x 10-9 
I 
. . 




CREEP TEST DATA, T - I 1 1  SHEET, HEAT NO. 70616, ANNEALED 30009 (1649OC) FOR 1 HOUR, 


































643 . 0 
667.0 
739.0 




(2" G. L.) 
0 00015 . 00010 . oo010 
.oooo5 
000010 
o m 1 5  . m15 
0 m 1 5  . m 1 5  
0 Oool5 
000020 . oO015 
e o0015 . 00015 
000125 












.01615 . 01680 . 01760 
.01875 





Creep - (%I 
0008 
0005 












. 098 . 125 . 225 
-248 
.302 
070 . 078 
0270 
0 345 
0 4 6  
.550 










( T o r r )  
7.3 x 10-8 
7.3 x 1018 
7.3 x 10-8 
7.3 x 10-8 
7.3 x 10-8 
7.3 x 10-8 
7.3 x 10-8 
7.3 x 10-8 
7.3 x 10-8 
1.1 x 10-8 
703 X 
703 X IF8 
703 X 10-8 
703 X 
703 X 
9.9 x 10-9 
7.2 x 10-9 
6.6 x 10.9 
3.3 x 10-9 
608 x 10-9 
4.1 10-9 
300 10-9 











2.7 x 10-9 
2.8 x 10-9 
2.5 x 10-9 
3.1 x 10-9 
TRwrouimmr u%oRmOm~tB ,
I .  
TABLE XIX (Continued) 
Length Change 
AL (inch) Creep 
Time (2" G. L.) - (P I  
81102 horns . 02640 1.320 
8362 .02 770 1,385 
9070 0 . 03085 10 542 
931.0 . 03200 1.600 
9SS.1 03310 1.655 
97902 003430 1. 715 
1033.1 *03570 1.785 
1075 . 2 e 03890 10 945 
109901 04020 2 . 010 





2.3 x 10-9 
. .  
CRBP TEST DATA, T-222 SKEET, ANNEALED AT 2800OF (1538~~) FOR 1 HOE, TESTED BT 
2208'F (12OL0C), 12,000 PSI (8.27 x 107N/m2) 
hngth Change 
AL (inch) 
(2" G o  L.) 

















00930 . 01010 . ol.4.40 . 01560 















-e  008 

































2 . 680 
2.725 
1.2 x loou 
1.2 x lo-! 
102 x 10-U 
1.2 x 10=8 
102 x 10-8 
1.2 x 10-8 
1.2 x 10-8 
102 x 10-8 
1.2 x 10-8 
1.2 x 10-8 
1.2 x 10-8 
8.5 x loa9 
9.6 x 10-9 
1.2 10-9 
6.3 x 10-10 
6.4 x 10-10 
6.1 x 10-10 
1.7 x 10-9 
6.0 x 10-10 
5.8 x 10-lo 
507 x 10-10 
5.6 x 
6.5 x 1-10 
5.0 x 10-10 
3.6 x 10-10 
4.7 x 10-10 
2.1 x 10-10 
1.6 x 10-10 
2.0 x 10-10 
106 x 10-9 
6.0 x 10-10 
4.9 10-9 
i 0 2  10-9 
405 X 
. .  
TABLE XX (Continued) 
Length Change 
AL (inch) 




1024 o 3 
1048,). 
1073 0 3 
ll44.2 











0 06910 . 07150 
007765 
.08000 . 08280 
08540 . 08710 
0943 5 
09635 





















1.4 x 10-9 
1.5 x 10-9 
1.4 x 10-9 
5.1 x 10-10 
4.9 10-9 
1.4 10-9 
4.7 x 10-10 
5.3 x 10-10 
5.0 x 10910 
4.8 x 
4.6 x 10-10 
5.6 x 
4.8 x 
Test Terminated - 5% Creep 
Smcimen S-20 
. TRW EQUIWENT LIBORAWES 
.. 
TABLE X X I  
CREEP TEST DATA, ARC-MELTED TIPESTEN SHEET, ANNEAUD 28009 (1538°C) 


















91.2 m. 9 
138.8 
162.8 

















Test Terminated - 5% Creep 
Specimen 2-18 
m58- 
( T o r r )  
2.4 x 10-7 
2.4 x 10-7 
2.4 x 10-7 
2.& x 10-7 
2.4 10-7 
2.4 x 10-7 
2.4 10-7 
2.4 x 10-7 
2.4 10-7 
2 - 4  10-7 
2.4 10-7 
2.4 x 10-7 
1.0 10-7 
2.0 x 10-8 
1.0 x 10-8 
8 . 9  x 10-9 
7.2 10-9 
7.4 x lo-9 
7.2 10-9 
3.8 10-9 
3.9 x 10-9 






2.4 x 10-7 
2.4 x 10-7 
2.4 x 10-7 
2.9 x 10-8 
1.7 x 10-8 
8.7 x 10-9 
6.8 x 10-9 
6.4 x 10-9 
4.0 x 10-9 
1.6 x 10-9 
1.6 x 10-9 
3.1 x ld 
TRW EQUNWENT LABORATORIES . 
. .  
TABLE XXII 
CREEP T B T  DATA, VAPOR DEPOSITED TUNGSTEN, RECRYSTALLIZED 1 HOUR 2800’F (1538’C) 




(2*’ G. L.) 
00020 
00025 




0 0 3 5  . oooL&o 
00035 . 00000 - OOW5 
OOOCX) 
- m  00005 


















Creep - ($1 
. 010 . 012 
012 
012 









.088 . 105 
155 . la5 
02 40 . 262 
0275 




398 . 415 
a465 . 495 






T i m e  
T e s t  i n  Progress 
Specimen B-24 
TABLE XXII (Continued) 
Leng th  Change 
AL (inch) 
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